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SUMMARY 


Physics  and  Chemistry  of  Detonation 

The  high-speed  streak  camera  has  been  moved  successfully  from 
Calaveras  to  Corral  Hollow  Experimental  Site  (CHES) .  A  calibration  shot 
at  CHES  with  nitromethane  gave  results  similar  to  previous  shots  at 
Calaveras.  The  smooth-shock  reaction  time  for  liquid  methyl  nitrite 
at  10  atm  with  a  preshock  temperature  of  25°c  was  found  to  be  1.15  usee 
for  a  shock  pressure  of  57  kbar,  about  26  kbar  less  than  for  the  same 
reaction  time  of  isomeric  nitromethane.  This  is  the  biggest  difference 
in  shock  pressure  (at  constant  reaction  time)  measured  for  two  isomers 
and  is  attributed  to  the  17  koal/mole  difference  in  bond  dissociation 
energies  of  the  weak  bonds  oi  the  two  Isomers. 

Interesting  differences  in  shock  initiation  were  found  for  dlnitro- 
alkanes.  The  shock  pressure  required  to  give  o  1  usee  reaction  time 
was  about  89  kbar  for  1,1-UNE  and  100  kbar  for  1,1-DNP.  We  also  found 
an  a-hydrogen  effect  on  shock  initiation.  At  a  preshock  temperature  of 
60°C,  the  reaction  time  of  1,1-UNP  was  2.2  usee  at  91  kbar,  whereas  the 
reaction  time  of  2,2-DNP  was  greater  than  4  usee  (failed  to  detonatu) 
at  98  kbar.  At  a  preshock  temperature  of  25°c,  the  reaction  time  of 
1,1-DNE  was  0.8  usee  at  90  kbar,  whereas  the  react*. on  time  of  1,1,1-FDNE 
was  greater  than  *4  usee  (failed  to  detonate)  at  9o  kbar.  In  both  these 
comparisons,  namely,  1,1-DNP  v-rsus  2,2-DNP,  and  t,l-DNE  versus  1,1,1-FDNE, 
the  compound  with  no  u-hydrogen  was  less  reactive  than  the  compound  that 
had  a  hydrogen  atom  a  to  the  dlnitro  group. 


iii 


We  have  recorded  detonation  failure  waves  of  1,1-DNP  using  the 
previously  developed  brass  cone  technique.  The  gross  features  of  the 
imprints  are  similar  to  those  observed  for  IBA. 

We  previously  discussed  a  "universal"  Hugoniot  for  liquids,  that 
had  the  form, 


U  /cn  =  1.37  -  0.37  exp  [-u,u  /c„]  +  1.62  u  /cn 
s°  3  p  °  P 

where  0  is  the  shock  velocity,  u  is  the  particle  velocity,  c0  is  the 
s  p 

sonic  velocity,  and  u.  is  a  constant.  The  value  of  u3  is  thermodynamically 
related  to  the  variation  in  the  speed  of  sound  and  the  variation  of 
specific  volume  with  pressure  close  to  atmospheric  pressure.  We  have  used 
data  from  echo-sounding  tables  for  pure  water,  together  with  p-v-T  data, 
to  evaluate  the  necessary  derivatives  graphically,  and  obtained  a  value 
for  u3  ~  2.  Some  shock  wave  data  on  glycerin  obtained  by  Dr.  D.  Erlich 
of  SRI  on  another  project  suggest  that  u3  -  1  to  2.  We  suggest  that  a 
value  of  u3  =  2  is  consistent  with  both  sets  of  data. 

bow-Veloclty  Detonation 

TIGER  equilibrium  calculations  were  mode  on  the  dif luoraminoulkones 
and  were  compared  with  values  for  di ni t roa lkoues  that  were  previously 
reported.  The  comparisons  show  that  the  energy  release  of  those  systems 
containing  C-H-0  were  greatly  dependent  on  the  temperature  and  pressure, 
while  the  systems  containing  fluorine  showed  little  variation,  this  Is 
due  primarily  to  the  stability  of  Hi'  in  relation  to  other  fluorine  con¬ 
taining  compounds. 

The  correlation  between  the  low— velocity  detonation  (lA’D)  gap 

sensitivity  and  the  ratio  of  the  heat  of  reaction  to  heat  of  vaporization, 

AH  /AH  ,  gives  a  qualitative  ordering  of  the  compounds  so  fur  tested, 
r  v 

n 


This  correlation  does  not  differentiate  between  the  dinit roalkanes . 
Therefore,  factors  other  than  kinetics  and  heat  of  vaporization  must  be 
important  to  the  LVD  behavior  of  the  dinitroaikanes . 

Experiments  for  measuring  the  pressure  field  in  an  LVD  liquid  as  a 
function  of  time  have  been  started.  This  technique  uses  manganin  gages 
to  record  the  pressure  in  the  0-20  kbar  range.  We  hope  this  technique 
will  enable  us  to  relate  the  energy  in  the  liquid  and  in  the  container 
walls  to  LVD  propagation. 


Static  High  Pressure  and  Kinetic  Effects 

Static  high-pressure  (SHP)  experiments  at  10  kbar  on  several  dinitro¬ 
aikanes  with  and  without  crhydrogens  show  that,  ns  in  reaction  time  measure¬ 
ments,  a  compound  with  an  c.-hydrogen  (1,1-DNT)  is  more  reactive  than  those 
compounds  without  (l,i,!-FDNP  and  2,2-DNP).  The  reason  for  the  shorter 
explosion  time  for  1,1-DNP  Is  not  clear.  1,1,1-FDNP  shows  a  very  sharp 
increase  in  explosion  tim.  on  going  from  245°  to  228°C,  similar  to  that 
found  for  nitromethane  (NM)  at  1  kbar. 

Studies  of  the  very  low-pressure  pyrolysis  (VLPP)  of  dinit ropropnnes 
are  completed,  and  the  products  ol  these  decompositions  Indicate  that 
there  are  two  processes.  For  the  nongeminate  dlni t roalkane ,  1,2-DNP, 
the  sole  products  isolated  are  the  nitrooleflns ,  1-  and  2-nit ropropene . 

Thus  this  compound  behaves  like  a  simple  nit roalkane  and  undergoes  five- 
center  elimination  of  MONO.  The  gem-dinit roalkanes ,  on  the  other  hand, 
1,1,1-FDNP,  1,1-  and  2,2-DNP,  undergo  initial  tJ-N  scissioi.,  followed  b> 
migration  of  oxygen  from  nitrogen  to  carbon  to  give  propionyl  fluoride, 
prop  Iona  ldehyde ,  and  acetone,  respectively,  (t-scission  competes  with 
0-mlgration  in  the  cases  of  1,1-  and  2,2-DNP. 
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I  INTRODUCTION 


Under  the  sponsorship  of  the  Office  of  Naval  Research  (ONR) ,  Stanford 
Research  Institute  is  studying  the  fundamental  sensitivity  properties  of 
liquid  high-energy  materials  in  order  to  define  the  minimum  number  of 
physical  and  chemical  parameters  of  the  system  needed  to  predict  de¬ 
tonation  sensitivity.  In  this  work  we  have  been  concerned  primarily 
with:  (l)  detonability  of  the  liquid  phase,  i.e.,  whether  it  will 

support  a  detonation  wave,  and  the  failure  diameter  for  detonation ; 

(2)  the  necessary  conditions  for  initiating  detonation  and  whether  case 
of  initiation  is  related  to  structure;  and  (3)  the  mode  of  decomposition 
of  the  chemical  structure  and  the  relationship  of  the  initial  decomposition 
steps  with  the  phenomena  of  <l)  and  (2>, 

In  previous  work  on  this  contract,  these  relationships  were  studied 
with  isomeric  dlf luoraminupropancs  and  butanes,  and  we  arc  now  studying 
nitro  compounds  In  the  analogous  Isomeric  propane  series  ami  some  ethane 
homologs.  Thus  a  direct  comparison  between  the  two  high-energy  groups 
that  are  of  most  Interest  at  present  can  be  made,  and  basic  knowledge 
can  be  obtained  on  the  initiation  and  propagation  properties  or  model 
liquid  ni t roaliphat ic  plasticisers. 

This  program  consists  of  three  primary'  tasks; 


Physics  and  Chemistry  of  Detonation 


the  ultimate  objective  of  studies  of  the  physics  and  chemistry  of 
detonation  (Ncctltm  II)  is  to  correlate  transient  detonation  phenomena, 
such  as  shock  Initiation  and  failure  behavior,  with  the  mode  of  dccoo- 


stanford  Research  Institute  Project  -1051,  final  Report,  "Sensitivity 
fundamentals,”  toy  IS,  1970. 


position.  This  objective  involves:  (1)  measurement  of  failure  diameters, 
(2)  study  of  events  in  the  liquids  as  shocks  of  various  magnitudes  enter, 
and  (3)  measurement,  evaluation,  and  corrlation  of  physical  and  thermo- 
chemical  properties. 

B.  Low-Velocity  Detonation 

The  objectives  of  this  program  (Section  III)  are  to  determine  under 
which  conditions  LVD  will  initiate  and  to  relate  this  initiation  to  the 
chemical  and  physical  properties  of  the  materials.  By  comparing  two 
classes  of  materials  (i.e.,  the  difluoramino  and  dinitro  compounds) 
with  such  widely  different  thcrmochemical  and  kinetic  properties,  we 
con  ascertain  those  factors  that  influence  LVU  initiation. 

C.  Static  High-Pressure  and  Kinetic  Kffccts 

Section  IV  of  this  research  effort  comprises  a  study  of  the  decom¬ 
position  behavior  of  shock-sensitive  liquids  at  very  low  ami  very  high 
pressures  including  measurements  of  reaction  times  at  pressures  and 
temperatures  comparable  to  those  encountered  in  initiating  shocks;  and 
attempts  to  describe  a  relationship  between  detonation  phenomena  and 
chemical  mechanism,  including  the  elementary  rate  steps. 
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II  PHYSICS  AND  CHEMISTRY  OF  DETONATION 


(Robert  Shaw) 


A.  Introduction 

The  objective  of  this  part  of  the  research  program  is  to  improve 
the  understanding  of  the  physical  and  chemical  processes  that  occur  in 
two  transient  detonation  phenomena,  namely,  shock  initiation  and  de¬ 
tonation  failure.  We  have  used  a  three-fold  approach:  (1)  experimental 
observation  of  the  phenomenon  itself  (for  example,  smooth-shock  reaction 
time  measurements  for  shock  initiation,  and  brass  imprints  for  detonation 
failure),  (2)  testing  of  models  (homogeneous  thermal  explosion  theory 
for  shock  initiation,  and  Uremia 's  theory  for  detonation  failure),  and 
(3)  obtaining  input  data  fur  Uto  models,  such  as  calculated  shock 
tomper-.i tures. and  kinetics  of  heat -releasing  chemical  reactions  «t  known 
temperatures  and  pressures  as  close  as  possible  to  delouatiun  conditions. 
During  the  present  report  period  we  have  obtained  some  interesting  re¬ 
sults  on  iiems  (1)  and  (3)  ami  plan  to  devote  a  major  part  of  the  next 
period  to  item  (2). 

It .  Measure  a:  nl  of  Smooth-Shuck  llcnelt«<n  Times 

The  high-speed  camera  was  moved  successfully  from  Calaveras  to 
Corral  Hollow  Experiment  Site  (CHEN).  A  test  shot  at  CUES  with  nitro- 
oelhanr  (NM)  at  a  preshock  t empc ra ( u re  of  25°C  gave  a  smooth-shock  re¬ 
action  time  of  u. HH  jisec  at  •  shock  pressure  of  H5  kbar,  compared  mitn 
a  shock  reaction  time  of  u.?H  i*sec  predicted  by  previous  shots  at  Calaveras 
(sec  Figure  1). 
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PE  AK  PRESSURE  IN  uoun  —  fcbar 


The  results  of  smooth-shock  reaction  time  measurements  obtained  at 


CUES  during  the  last  report  period  are  given  in  Table  I. 


Table  I 

SMOOTH-SHOCK  REACTI ON  TIMES  FOR  NITROAUCANE^ 


Compound 

Preshock 

Temperature 

<°C) 

Peak  Pressure 

in  Attenuator 
(kba  r) 

Peak  Pressure 
in  liquid 
(kbar) 

Reaction  Time 

(psec) 

Nl trome thane 

24 

1C4 

85 

0.98 

Methyl  nitrite 

25 

72 

57 

1.16 

1,1-UNP 

25 

109 

99 

1.61 

1 , l-DNP 

26 

104 

95 

Failed  (>4) 

1,1 -DNP 

60 

100 

91 

2.15 

2,2-UNP 

60 

107 

98 

Failed  (>4) 

1,1,1-KDNE 

25 

99 

89 

Failed  (-4) 

1.1,1  -FUNK 

25 

107 

97 

Failed  04) 

Measured  at  CUES. 


One  of  the  baste  Ideas  in  this  program  is  to  use  isomers  that  have 
siffil  lai  physical  properties  so  that  differences  in  behavior  can  be 
attributed  to  differences  in  chemical  structure.  Ni t romethane  has  no 
geometrical  isomer,  but  one  of  its  structural  isomers  is  methyl  nitrite, 
CJljOSO.  The  properties  of  methyl  nitrite  arc  compared  with  those  of 
nl* roaethanc  in  Table  II. 
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Table  1 1 


COMPARISON  OF  PROPERTIES  OF  METHYL  NITRITE  AND  NITROMETHANE 


Compounds 

Methyl  Nitrite 

Nitromc thane 

Ref. 

!  Structural  Formula 

CH30N0 

CH3N02 

Arrhenius  parameters  for  gas-phase 
Thermal  Decomposition: 

A-f  actor/ (sec- l) 

It)18 

IQls.r. 

1 

Activation  energy/ (kca 1/mole) 

i 

42 

59 

1 

Gas-phase  thermodynamic  properties: 

AH°f  (298)/(kcul/mole) 

-15.6 

-17.9 

1 

S°(298)/  (cal/(mole-deg)) 

72.3 

65.8 

1 

C“  (298)/  (cal/(moie~deg)) 

P 

15.4 

16.8 

1 

Heat  of  vaporization/ (kcal/moic) 

5 

9.2 

2,3 

Heat  of  formation  of  liquid/ (kca i/mole) 

-20.6 

-27.1 

Uollimt  point. /(°C) 

-12 

UU 

4 

Melting  point /(°C) 

-17 

-29 

1 

The  compounds  have  similar  thermodynamic  properties,  but  the  kinetics  of 
decomposition  arc  very  different  because  Of  differences  In  bond  strength, 
p(C)IjO-NO)  ~  -SO  kcol/molc  and  t)(CHj*NOj)  ~  GO  kcol/molc.  The  only  problem 
with  methyl  nitrite  is  Its  volatility,  in  previous  work,1  this  was  over¬ 
come  by  working  at  very  lo*  temperatures  (see  Figure  2).  However,  this 
approach  led  to  other  problems  such  as  the  possibility  of  freezing  the 
methyl  nitrite,  and  it  mude  difficult  a  comparison  with  ambient  temper¬ 
ature  results.  Therefore,  we  used  the  alternative  approach  of  working 
at  higher  pressures.  The  vapor  pressure  of  methyl  nl  rite  ot  25  °C  is 
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PEAK  PRESSURE  IN  LIQUID  —  kbaf 


FIGURE  2  SMOOTH-SHOCK  REACTION  TIME  MEASUREMENTS  FOR  NITROMETHANE  AND 
METHYL  NITRITE  AT  PRESHOCK  TEMPERATURES  OF  -26"C  AND  -60*C 
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about  10  atmospheres.  This  is  still  negligible  compared  with  shock 
pressure  and  is  reasonable  for  making  a  reaction  cell  assembly.  The 
experimental  arrangement  is  shown  in  Figure  3  and  was  described  in  the 
last  report6  on  this  contract. 

It  should  be  pointed  out  that  the  geometry  of  the  shots  is  such  that 
quenching  rarefactions  destroy  the  initiating  pressure  wave  after  about 
3  to  4  nsec.  A  "failure"  therefore  places  a  minimum  reaction  time  of, 
say,  4  psec  at  that  pressure  and  places  a  limit  on  the  position  of  the 
reaction  time/pressure  plot  in  that  region.  In  several  of  the  dinitro- 
alkanes  experiments  for  which  we  are  still  gathering  data,  some  of  the 
slopes  of  the  reaction  time/pressure  plots  have  been  sketched  in  (dotted 
lines)  on  the  basis  of  our  previous  experience  with  the  general  shape  of 
reaction  time/pressure  plots. 

In  a  previous  experiment fi,  when  the  attenuutor  thickness  corresponded 
to  a  peak  shock  pressure  of  43  kbar  in  the  liquid  methyl  nitrite,  there 
was  no  initiation,  giving  the  lower  limit  in  Figure  1.  in  an  experiment 
recently  completed  using  the  high-pressure  (10  atmospheres)  reaction 
ceil",  the  smooth-shock  reaction  lime  for  liquid  methyl  nitrite  at  a  pre- 
shoek  temperature  of  25 “c  was  found  to  be  1.15  usee  for  n  shock  pressure 
of  57  kbarUiguro  1),  that  is  about  2li  kbar  less  than  for  the  same  re¬ 
action  time  of  the  isomer  nl t  romethuno .  Ibis  is  the  biggest  difference 
in  shock  pressure  (at  constant  reaction  time)  measured  for  two  isomers 
and  is  attributed  to  the  large  difference  in  bond  dissociation  energies 
of  17  kcal/mole  (Table  II).  The  experiments  on  methyl  nitrite  nre  now 
completed. 

In  the  dinit roalkanc  series,  some  interesting  differences  in  shock 
initiation  huvo  become  apparent.  Comparing  1 , 1-dini  t  roe  tliune  (1,1-DNK) 
and  1,1-DNP,  which  dirfer  by  only  a  methylene  group,  the  shock  pressure 
required  to  give  a  1-uscc  reaction  time  is  about  H9  kbar  for  1,1-ONK  and 


FIGURE  3  CELL  FOR  REACTION  TIME  MEASUREMENTS  FOR  METHYL  NITRITE  AT 
10  ATMOSPHERES  PRESHOCK  PRESSURE  AND  25°C  PRESHOCK 
TEMPERATURE 


100  kbar  for  1,1-DNP  (see  Figure  4).  This  difference  in  shock  reactivity 
is  in  line  with  intuitive  expectations,  but  is  in  contrast  to  the  difluor- 
aminoalkane  series  where  1 ,2-bis (dif luoramino)propane  (1,2-DP)  and 
1,2-bis (dif luoramino)butane  (1,2-DB)  were  almost  identical.6 

Another  interesting  correlation  is  the  so-called  a-hydrogen  effect. 

At  a  preshock  temperature  of  60°C,  the  reaction  time  of  1,1-DNP  was  2.2 
p.sec  at  91  kbar,  where  the  reaction  time  of  2,2-DNP  was  greater  than  4 
psec  (failed  to  detonate)  at  98  kbar  (see  Figure  5).  Similarly,  at  a 
preshock  temperature  of  25°C,  the  reaction  time  of  1,1-DNE  was  0,8  nsec 
at  90  kbar,  whereas  the  reaction  time  of  1,1,1-FDNE  was  greater  than  4 
nsec  (failed  to  detonate)  at  97  kbar  (see  Figure  6).  In  both  these  com¬ 
parisons,  namely,  1,1-DNP  versus  2,2-DNP,  and  1,1-DNE  versus  1,1,1-FDNE, 
the  compound  with  no  a-hydrogen  was  less  reactive  than  the  compound  that 
had  a  hydrogen  atom  a  to  the  dinitro  group. 

Finally,  the  results  for  methyl  nitrite  and  1,1-DNP  show  that  in¬ 
creasing  the  preshock  temperature  reduces  the  shock  pressure  required  for 
a  given  reaction  time  (see  Figures  7  and  8).  This  is  in  line  with  previous 
observations 5  and  is  attributed  to  an  increase  in  shock  temperature  as 
the  preshock  temperature  is  increased. 

C .  Detonation  Failure 

One  of  the  unexplained  features  of  detonation  failure  is  a  model  that 
will  satisfactorily  explain  the  features  of  dark  waves.  In  the  hope  ui 
understanding  the  subject,  we  have  begun  to  make  dark  wave  experiments  on 
dinit  roalknncs.  In  some  previous  work  with  di  l'luoroaminonlknnes  7  ,  we 
recorded  imprints  of  failure  waves  on  a  brass  cone  (see  Figures  9  and  10) 
using  1 ,2-bis (dif luoroamino)-2-methylpropane  (IBA).  In  massive  lead 
confinement,  IBA  had  a  failure  diameter  of  9.S  mm.  In  the  some  lead 

*  1,1-DNE  Is  balanced  to  CO,  H,0,  and  Na,  whereas  1,1-DNP  is  l'uel-rlch. 

Thus  the  amount  of  heat  released  per  cc  of  1,1-DNE  will  be  greater  than 
that  for  1,1-DNP. 
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PEAK  PRESSURE  IN  LIQUID  --  kbar 


FIGURE  5  SMOOTH-SHOCK  REACTION  TIME  MEASUREMENTS  FOR  1,1-DNP 
AND  2.2-ONP  AT  A  PRESHOCK  TEMPERATURE  OF  60"C 


PCAK  PHf.&SU«e  IN  LIQUID  -  kba r 


HGURE  6  SMOOTH-SHOCK  REACTION  TIME  MEASUREMENTS  TOR  M-ONE  ANO 
l.l.l  TONE  AT  A  PRESHOCK  TEMPERATURE  Of  2$*C 
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-  omon  m  3«nss3ttd  *V3d 


PRESSURE  I*  LIQUID 


FIGURE  9  BRASS  COME  AND  CVLINOER  BEFORE  FIRING  One* 
lull  jclujl  nic 


FIGURE  10  FAILURE  WAVES  EMBOSSED  ON  BRASS  CONE  BV  DETONATION  IN  ISA 
Tl*.  von*  it  touted  tlightly  m  tucoetutc  pictuici 
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block  apparatus  the  dinit roalkane  with  the  closest  failure  diameter  was 
1,1-DNP  (11  ^m) .  We  therefore  chose  1,1-DNP  for  the  brass  cone  experi¬ 
ments.  The  resulting  imprints  using  1,1-DNP  arc  shown  in  Figure  11  and 
12.  The  gross  features  for  1,1-DNP  are  similar  to  those  observed  for 
IBA,  as  might  be  expected  because  the  gross  physical  properties  of 
1,1-DNP  and  IBA  are  similar,  but  a  detailed  explanation  of  the  fine 
structure  is  still  unavailable. 

D.  "Universal"  Hugonlot  for  liquids  (with  11.  cowperthwalte  and 
n.  W.  Woolf oik) 

In  the  1970  Final  Report,8  we  discussed  a  "universal''  Hugonlot 
for  liquids  that  had  the  form 

V  /c0  =  1.37  -  0.37  exp[-u,u  /cJ  *  1.62  u  /c0  (1) 

8  p  p 

where  Is  the  shock  velocity,  u^  Is  the  particle  velocity,  c0  la  the 
aortic  velocity,  and  u3  is  a  constant.  In  Figure  13  the  experimental 
data  arc  shown  along  with  three  curves  that  correspond  to  u,  -  3,  and 

1.  The  value  of  u,  s  ■  was  used  in  shock  temperature  calculations  be¬ 
cause  (1)  it  simplified  the  calculations,  (2)  wc  found  that  the  values 
of  shock  temperature  were  not  very  sensitive  to  the  value  of  ua,  and  (3) 
the  exact  value  of  u3  wan  not  known.  However,  u3  can  not  be  infinite 
because  in  the  limit,  at  u^  -  0,  t^  =  c0.  B.v  observation  of  Figure  13, 
it  appears  that  the  value  of  u3  should  be  5.  Wc  have  used  two  approaches 
to  obtain  a  value  for  u3.  The  first  is  based  on  thermodynamic  relations 
of  the  Hugonlot  and  the  isentrope,  and  the  second  is  the  direct  experi¬ 
mental  determination  of  the  form  of  the  Hugonlot  in  the  region  of  0  to 
10  kbar. 


lit 


direction  of  detonation 


l.t-OINITROPROPANE 


The  thermodynamic  approach  is  as  follows.  Transposing  c^  in  equa¬ 
tion  (1)  and  differentiating  U  with  respect  to  u  , 

s  p 


dU 

— -  =  0.37  u,  exp[-u,u  /'c  j  +  1.62 
du  3  L  3  p'  oJ 

P 

when  u  -*01 
P 


that  is> 


dU 

— -  j  0.37  u,  +  1.62 
du  3 

Po 


1.62|/0.37 


(2) 


(3) 


(4) 


The  problem  is  then  lo  find  "J  /du  . 

8  po 

thermodynamics  that 


At  p  -  oil  can  be  shown  from 


Now 


<S> 


(6) 


And  differentiating  with  respect  to  v 


Fur t her , 


(8) 


I£  (?c/'v)  and  (uv/6p)  were  known  at  p  =  0,  substitution  Into  equations 
'  p  c 

(11).  (7),  (5).  and  (4)  would  yield  a  value  for  u3.  We  have  used  data 

from  ocho-soundinK  tables  for  pure  water.*1  together  with  p-v-T  data,  10  to 

construct  a  graph  of  thu  variation  of  sound  speed  with  specific  volume  at 

pressures  of  1.  50.  100.  and  150  bar  (sec  Figure  14).  At  p  1  bur.  T  » 

25°C,  c  -  1493  ra/suc.  from  the  graph.  * f  ~ j  a  1.027  x  10“g/ 

'',V'p-l  '“V'pal 

(sec  cmJ ) .  Similarly,  from  the  graph,  at  constant  c  -  1493  m/sec.  the 
following  values  of  p  and  v  were  reud  off: 


p 

V 

.'.v 

[  bar) 

<CC^K> 

(cc/g ) 

1 

1.00295 

0.00325 

50 

0.99970 

0.00290 

100 

0.  99680 

0.00275 

150 

0.99405 
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SPECIFIC  VOLUME  —  cc/g 


Extrapolating  to  p  =  1,  we  obtain 


'j  =  (^-)  =  -7  x  10-11  cms/(dyne  g) 
3p  c  vap>c 


Substitution  of  c  =  1.493  x  10s  cm/sec,  v  =  1.00295  ca3/g,  (dv/cip)^  = 

-7  x  10-11  cm5/(dyne  g)  and  Oc/av)^  =  1.027  x  106  g/(sec  cm2)  into 

equation  (11)  gives  (dc/dv)  =  5.66  x  10s  g/(scc  cm2).  Substitution 

s 

into  equation  (7)  gives  (a2p/5v2)  =  2.12  x  1011  sec2/(g3  cm-7);  substi- 

'  s 

tut  ion  into  equation  (5)  gives  (dU  /du  )  =  2.40.  Finally,  substitution 

s  P 

into  equation  (4)  gives  u  =  2.1. 


The  region  of  Figure  13  close  to  the  origin  has  been  replotted  as 
Figure  15,  using  equation  (1)  and  values  of  u3  =  ■*>,  10,  5,  2,  1,  and  0.1. 
Also  plotted  in  Figure  15  are  two  experimental  Hugoniot  points  for  glyccr- 
ino,  obtained  by  Or.  0.  Erlich  of  SRI.  Until  further  data  are  available, 
wo  conclude  that  a  value  of  u3  =  2  is  consistent  with  results  of  the  cal¬ 
culations  on  water  and  with  the  experimental  data  on  glycerin.  In  other 
wards,  equation  (1)  becomes: 


U  /c  =  1.37  -  0.37  expf  2u  / c  ,  +  1.62  u  /c  (12) 

s  o  p*  o  p  o 


E .  Pulil  teal  ions 


The  following  papers  resulting  from  this  work  have  been  accepted 
for  publication  or  presentation: 

1.  "Heat  Capacities  of  Some  Dinit roalkanes,"  W.  E.  Robin  ns 
and  R.  Shuw,  J.  Client.  Thermodynamics. 

2.  "Thermal  Decomposition  of  Nit  romethane  and  Some  IMnttro- 
ulkuncs  a'  Static  High  Pressure  of  1  to  50  kbur."  E.  L. 

Lee.  II.  D.  St romberg,  P.  S.  OeCurll,  li.  S.  Ross,  und  It. 
Shaw.  Western  States  Section  of  the  Combustion  Institute 
Spring  Meeting,  Seattle,  24  to  25  April  1972. 
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F.  Future  Work 


During  the  next  few  weeks  we  plan  to  extend  the  shock  initiation 
and  static  high-pressure  experiments  on  the  diniiroalkanes  with  empha¬ 
sis  on  the  ^-hydrogen  effect.  During  the  summer  we  plan  to  devote  more 
attention  to  the  problems  of  dark  waves  and  Dremin's  failure  diameter 
t  heo  ry . 
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Ill  LOW- VELOCITY  DETONATION 


<R.  IV.  Woolfolk) 


A.  Int  roduct  ton 

This  part  of  the  Sensitivity  Fundamentals  propram  deals  with  the 
occurrence  of  low-velocity  detonation  (LVD)  in  model  dinitroalkanes  that 
are  relate.1  to  useful  liittti  enemy  plasticizers.  In  particular,  we  are 
study  inp  the  rclat  lonsliip  between  chemical  structure  and  LIT)  sensitivity. 
Our  recent  efforts  have  concentrated  on  those  chemical  and  physical  pro¬ 
perties  that  influence  the  LVD  pap  sensitivity  of  materials,  especially 
the  thermodynamic  and  kinetic  properties. 

LV1)  ts  defined  as  a  reaction  wave  pmpapat  nip  at  a  velocity  super¬ 
sonic  Witli  respect  to  the  unreaetvd  liquid  out  slower  than  a  convent  to. ml 
htplt-veloc  tty  detonation  (HUD.  We  believe  that  the  LVl!  wave  .  prepn- 
patina  in  a  cavitated  fluid  and  that  the  production  of  this  cavitation 
is  an  important  process  in  the  initiation  and  propuput  ion  of  LVD.  Com¬ 
pared  with  HVt>.  1  Me  LVD  pr«n  ess  is  a  far  more  complex  phenomenon,  which 
indicates  wltv  a  quant  it  at  ive  model  for  LVD  has  vet  to  he  suppesl  ed. 

In  our  studies  of  LVl)  wc  have  used  model  compounds  ami  are  currently 
workinc  on  the  dinitroalkanes.  ■  The  LVD  behavior  of  the  dm  i  t  roproparics 
and  the  d  i  hit  root  hams  are  'ti  marked  contrast  to  their  low-pressure  reac¬ 
tion  rates.  The  propanes.  1 .  t-DNI*  and  2.2-USP.  cannot  be  initialed  to 
LVD  in  our  teals,  hut  1.1-tgiK  can.  Since  »c  have  shown 1 1  in  our  low- 
pressure  experiments  that  these  dinitroalkanes  have  suhst  ant  mil  v  t 
same  rate  parameters  for  decomposition,  tne  explanation  for  their  diverse 
LVD  behavior  must  lie  elsewhere. 

Bec  ause  of  the  need  to  produce  can  at  ion  ahead  of  tlic  react  ion  zone, 
the  enemy  requirement  tn  LVD  propagation  may  he  treat er  than  that  required 
for  a  conventional  detonation  Therefore,  we  have  been  exani  unu  the 
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energy  release  expected  from  an  LVD  reaction  and  comparing  this  energy 
with  LVD  behavior  to  determine  if  there  is  a  minimum  energy  required  for 
the  propagation  of  LVD.  To  estimate  the  available  energy,  we  have  been 
using  TIGER,  a  computer  code  designed  for  thermodynamic  and  hydrodynamic 
calculations  at  high  pressures.  We  have  also  begun  work  on  pressure¬ 
time  relations  in  HD. 

B.  TIGER  Calculat ions 

The  TIGER  program  calculates  not  only  the  amounts  of  all  important 
equilibrium  products  at  a  desired  temperature  and  pressure  but  also  selects 
which  of  the  possible  products  arc  present  at  equilibrium  providing  the 
product  is  listed  in  the  program  library.  Thus.  CF  t  is  mu  in  important 
equilibrium  product  from  IliA  under  any  conditions  ,MH‘d  in  it;:  calculation 
(Figure  17). 

The  TIGER  studies  have  been  extended  So  delude  the  di  I  luormuino 
alkanes  previously  studied  and  1 . 1  ■  I- f luorod in 1 1 ropropane  (EDM1),  he 
wanted  to  compare  the  energy  release  for  all  these  materials  and  to  study 
now  tiie  product  .list  rihut  ton  changed  with  pressure  amt  temperature.  We 
estimated  that  the  LVD  reaction  would  take  place  in  the  It*  to  2d  khor 
region  and  in  the  temperature  range  liitlu  to  .'iiiin/'K  (more  likely  in  the 
range  IGOO  to  20UU°K>.  Figures  IG  through  20  show  the  equilibrium  pro¬ 
duct  distribution  as  calculated  by  TIGER  for  1 .2 “Pi’.  IRA,  1.1-DNE.  1.1- 
:»P.  and  1 , 1 , 1-FlJXI’.  These  results  are  all  at  20  kl>3r.  For  comparison 
Figure  2!  and  22  show  the  cnrrespondi tu.  distribution  at  10  kbnr  lor  111A 
and  ltl-DNE.  A  comparison  of  the  figures  for  Iil-IHIK  and  IRA  shows  that 
tin-  effects  of  pressure  arc  lerv  slight.  In  the  d  i  fl  uoram  I  no  ease,  tem¬ 
perature  also  has  little  effect  on  the  product  distribution.  For  1,1-tStE 
and,  in  fact,  for  all  dinit roalkanes  thus  far  studied,  the  variation  of 
products  with  temperature  is  much  greater  Ilian  with  pressure  in  the  ranges 
of  interest . 
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FIGURE  18  MOLE  PERCENT  AS  A  FUNCTION  OF  TEMPERATURE  FOR 


PRESSURE  --  10  kU« 


An  examination  of  the  results  of  the  TIGER  calculation  shows  that  the 
presence  of  fluorine  in  the  material  has  a  strong  effect  on  the  change  of 
energy  release  with  temperature.  Because  HF  is  so  stable  compared  with 
other  fluorine-containing  products,  changing  the  temperature  does  not  shift 
its  equilibrium  concentration  as  it  does  for  H-C-0  systems.  Table  III 
lists  many  of  the  compounds  for  which  we  have  estimated  the  heat  of  reac¬ 
tion  using  TIGER.  We  have  also  tested  most  of  these  materials  for  LVD. 

In  Table  III  we  have  calculated  the  ratio  of  the  heat  of  reaction.  aH  . 

r 

to  the  heat  of  vaporization.  We  have  felt  for  some  time  that  because 

cavitation  plays  an  important  role  in  LVD,  ^Hv  should  also  be  an  important 

parameter.  In  the  pact  we  have  tried  to  correlate  on  a  quantitative  basis 

the  LVD  gap  sensitivity  with  the  ratio  >11  /All  .  and  as  wo  pointed  out  in 

-  r  v 

the  lost  report , K  the  correlation  was  not  able  to  differentiate  between 

1.1- DNP  and  l.l-UNK,  whoso  LVD  behavior  is  very  different.  However,  when 

wo  compare  the  ratios  as  si, own  in  Tabic  III  with  the  LVD  sensitivities  a 

pattern  does  emerge.  Table  IV  lists  the  LVl)  gup  sensitivities  of  these 

materials  and  their  values  of  All  /ill  as  estimated  bv  TIGER. 

r  v 

At  20  kbar  and  2000°K.  the  rat  io  ill  /f. II  shows  the  following  order  as 

r  v 

seen  in  Tables  11!  and  IV:  KM  l.l-DNP  l ,  1  -USE  .  KK  I  BA  1,2-DP  - 

2.2- DP.  With  the  exception  of  EN.  which  is  less  sensitive  than  1,1-DKE, 
this  is  the  same  order  as  the  LVD  gap  sensitivity.  The  small  difference 
In  lili^/gH^  for  l.l-DNP  and  1,1-DKE  means  that  other  factors  must  determine 
LVD  gap  sensitivity  in  these  materials.  We  know  from  our  low  "pressure 
gas-phase  kinetic  studies  that  these  two  materials  read  al  I  in-  name  rate.’ 
Therefore,  the  explanation  cannot  lie  with  low-pressure  initiation  kinetics. 
The  static  high-pressure  studies  have  not  yet  been  completed  on  1,1-DSE,  so 
we  do  not  know  if  it  will  react  faster  titan  1,1-DKP  at  high  pressure.. 

Because  this  boundary  between  no  LVD  and  LVD  for  1,1-DKP  end  1,1-DKE 
exists,  we  should  be  able  to  find  a  mixture  ol  these  compounds  for  which 
LVD  will  occur  and  by  using  TIGER,  estimate  the  energy  of  that  mixture. 
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Table  III 


CALCULATED  ENERGY  RELEASE  FOR  SELECTED  COMPOUNDS  AT  20  kbar 


Compound 

Density 

(25°) 

AH,(25°)a 

(kcal/mole) 

Temp 

(°K) 

AH 

r 

UH  /AH  1 

(g/cc) 

(kcal/mole) 

1  ^  vl 

Nil 

1.13 

9.09 

1000 

-88 

9.  7 

■ 

NM 

2000 

-74 

8.05 

1: 

1,1-DNF 

1.254 

14.9 

1000 

mm 

■SB 

1 , 1-DNP 

2000 

IBM 

wfim 

1,1-DNE 

1.355 

|« 

mm 

12.1 

1,1-DNE 

WEEm 

BulBi 

Lik1 

ENC 

1.10 

8. 7 

1000 

-121 

hm 

EN 

2000 

-111 

I  BA 

1.213 

8.9 

1000 

-223 

IUA 

2000 

-225 

IWHBi 

1.2-DP 

1.205 

7.9 

1000 

-225.5 

28.3 

t . 2-DP 

2000 

-225.  5 

28.3 

2.2-DP 

1.254 

7.0 

wm 

mm 

32.2 

2.2-DP 

WBUSM 

33,2 

1 . 1 , 1-FDXP 

1.33d 

d 

15  est 

11)00 

13.4 

2000 

HSfl 

12.  Cl 

a.  Obtained  Iroo  the  vapor  pressure  curves, 

b.  Est Seated  free  1.1-UNP  using  group  additivity. 

c.  EN  -  ethyl  nitrate. 

d.  Estimated  from  l.l-DXP. 


Table  IV 


LVD  GAP  SENSITIVITIES  AND  AH  /aH  AT  2000°K  AND 

r'  v 

20  kbar  FOR  SELECTED  COMPOUNDS 


Compound 

AH  /AH 
r'  v 

LVD  Gap  Sensitivity 

(cm  Plexiglas) 

NM 

8.05 

No  LVD 

1,1-DNP 

10.9 

No  LVD 

1,1-DNE 

11.1 

a  or  b 

6. 4-8. 3 

EN 

12.8 

a  or  b 

3. 0-3. 8 

I  BA 

25.0 

.  a  or  b 

16-17 

1 , 2-DP 

28.3 

30-40* 

b 

91-127 

2.2-UP 

32.2 

b 

>180 

l.l.l-FDNP 

12.0  est. 

Not  yet  tested 

Without  witness  plate. 
With  witness  plutu. 


This  may  give  us  an  insight  us  to  the  validity  of  the  hypothesis  of  a 
crit  leal  energy  for  LVU, 

We  have  included  the  estimated  value  '<-••  1.1.  i-FDNI1  where  an  F  atom 

has  replaced  an  II  atom,  because  of  the  stability  and  energy  content  of 

HF.  I.Ii I'FlgtP  gives  a  higherf.il  than  1,1-DNP.  If  our  hypothesis  about 

r 

critical  energy  is  valid,  it  means  that  l.l.l-FDNP  might  exhibit  LVD  if 
other  factors  are  equal.  The  UVD  failure  diameters  of  these  two  mulerlnls 
are  very  similar.1  We  did  not  have  enough  1.1,1- HINT  available  to  deter¬ 
mine  either  its  UVD  reaction  tine  or  LVD  sensitivity.  Therefore,  we  could 
not  compare  these  parameters  as  we  did  for  the  di f luorami noalkanes.  We  do 
have,  however,  sufficient  1.1.1-FDNE,  the  ethane  isomer,  to  make  these  tests 
for  comparison.  We  will  da  this  as  well  as  run  TIGER  calcula*  tons  on  the 
1.1. 1-FDXE. 


39 


C.  Experimental  Work 


Experimental  work  has  been  limited  by  the  lack  of  explosives  and 
the  lack  of  a  test  site.  Both  these  problems  are  now  corrected.  The 
tetryl  explosive  will  be  delivered  in  a  few  weeks,  and  the  framing  cam¬ 
era  necessary  for  our  LVD  gap  studies  is  now  in  working  order  at  our  new 
test  site.  All  the  materials  have  been  prepared  for  testing.  These  in¬ 
clude  1 , 1-DNEand  1.1.1-FDNE,  Since  1-f luoro-1 , 1-dinitroethanol,  a  com¬ 
pound  that  we  may  want  to  test,  can  be  obtained  commercially,  we  will 
not  have  to  prepare  it.  With  all  systems  prepared,  we  will  have  a  very 
full  schedule  this  spring. 

D.  Pressure-Time  Studies 

We  have  recently  begun  studies  of  LVD  initiation  and  propagation 
in  which  we  monitor  the  pressure-time  history  of  the  liquid  and  container 
walls.  Tliis  work  is  a  continuation  of  studies  that  were  conducted  for 
AFOSR.  In  that  program  SHI  developed  a  method  for  studying  the  pressure¬ 
time  history  in  the  liquid  during  LVD.  We  hope  to  use  this  method  to 
study  l.l-DNK,  EN,  and  other  LVU  materials.  This  should  give  us  an  esti¬ 
mate  of  the  pressure  in  the  liquid  and  ulso  indicate  how  the  energy  is 
distributed  between  the  walls  and  the  liquid.  Our  inttiul  studies  in 
conjunction  with  >  he  AFOSIt  were  only  a  partial  success  ns  the  material 
chosen  did  not  undergo  LVI)  because  of  excess  solvent.  This  will  lie  cor¬ 
rected  on  the  next  shot. 

This  technique  uses  a  munganiii  gage  whose  resistance  is  a  function 
of  pressure.  By  monitoring  this  resistance  during  shock  Initiation,  we 
can  determine  the  pressure  level  in  the  liquid  at  all  phases  of  the  l.VD 
reaction.  By  locating  those  gages  at  various  points  in  the  tube,  we  can 
ascertain  how  the  pressure  varies  along  the  lube  us  well  us  the  time  his¬ 
tory  at  any  one  point,  figure  23  depicts  what  a  typical  result  might 
look  like. 
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E.  Future  Work 


During  the  next  peric  .  we  will  determine  the  LVD  gap  sensitivity  of 
1<1-DNE  at  various  temperatures  and  the  LVD  gap  sensitivity  of  1,1,1-FDNE 
at  ambient  temperature.  In  additlon>  we  are  planning  to  use  1,1-DNE  and 
a  plasticizer  in  our  study  of  the  pressure  history  of  LVD  initiation  and 
propagation.  Part  of  thes  last  studies  will  be  completed  in  mid-April. 

Mixtures  of  1,1-DNP  and  1,1-DNf  will  also  be  tested  for  LVD  to  deter¬ 
mine  the  composition  that  exhibits  LVD. 

Other  fluorodinitro  compounds  will  be  tested  if  the  results  from  the 
ltlil-FDNE  studies  prove  interesting.  These  may  include  1-f luoro-t, 1- 
dinttrocthanol  since  we  know  from  previous  studios  tnat  i luorodim t roethyl 
formal  (FEFO)  is  moderately  sensitive  to  HD.  Since  1.1-DNK  is  fairly 
insensitive  to  LVD.  this  series  should  make  an  interesting  comparison. 


IV  STATIC  HIGH-PRESSURE  AMD  KINETIC  EFFECTS  (R.  Shaw,  P.  S.  DeCarli  , 
and  D.  S.  Ross  of  SRI,  and  E.  L.  Lee  and  H.  D.  Stromberg  of  ELL) 


A.  Introduction 

In  our  last  report  6  we  described  our  static  high-pressure  (SHP) 
experimental  technique  and  reported  results  for  MM  over  a  range  of 
pressures  from  1  to  50  kbar.  In  this  range  there  was  a  decrease  in  the 
time  to  explosion  with  increasing  pressure. 

In  this  report  we  present  data  from  SHP  experiments  done  both  at 
SRI  and  at  LEE  on  four  dint t ropropancs--l , 1-UNP,  1,1,1-FOSP,  2,2-UNP, 
and  1,2-BMP  and  discuss  the  problem  of  "high"  Arrhenius  parameters 
obtained  in  these  experiments.  Finally,  we  present  the  final  results 
obtained  in  the  very  low-pressure  pyrolysis  (VU'P)  experiments  done  on 
the  same  four  dim t  ropropancs . 


8.  Static  High-Press"  w  Experiments 

These  experiments  are  at  a  very  Interesting  stage,  particularly 
when  taken  in  conjunction  with  the  shock  initiation  experiments 
(Section  11).  Since  the  last  report  we  have  completed  experiments  at 
SRI  on  l ,  1-BfiP  at  1  and  10  kbar,  and  on  l.I.i-FBNP  at  10  kbar.  At  LEE, 
experiments  have  been  made  on  1,2-BNP  and  2,2-lJSF15  at  10  and  50  kbar. 
The  results  arc  given  in  Table  V.  Thermal  explosion  times  as  a  function 
of  temperature  for  several  dlnitroalkancs  at  10  kbar  *ne  shown  in 
Figure  24. 
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FIGURE  24  THEPMAl  EXPLOSION  TIMES  AS  A  FUNCTION  OF 
TEMPERATURE  FOR  SOME  OINITROALXANES  AT 
10  kb*' 


41 


Table  V 


THERMAL  EXPLOSION  TIMES 
OF  DINITROALKANES  AT  STATIC  HIGH  PRESSURES 


Compound  I  lab 


1,2-DNP  LLL 


Explosion 

Time 

(sec) 


1,1-DSP  SRI  184 

204 


1,1,1-FONP  SRI 


2,2-DNP  LLL 


10 

kbar 

Temp . 

Explosion 

Time 

(°C) 

(sec) 

173 

112 

154 

170 

195+5 

3 

184+2 

11 

17312 

18.5 

147+2 

165 

260 

4 

256 

7 

246 

7 

22H 

>300 

50 

kbar 

Temp. 

Explosion 

Time 

(°C) 

(sec) 

173 

1 

154 

20 

135 

82 

309 

4 

345 

11 

270 

15 

316 

18 

270 

26 

316 

22 

248 

30 

302 

20 

235 

90 

283 

50 

259 

100 

259 

The  a-hydrogen  effect  found  in  measurements  of  smooth-shock  re¬ 
action  times  is  again  apparent.  In  Figure  24,  the  compounds  clearly 
fall  into  two  sensitivity  classes:  2,2-DNP  and  1,1,1-FDNP,  with  no 
a-hydrogens,  are  significantly  less  sensitive  than  1,2-  and  1,1-DNP, 
uhich  have  a-hydrogens.  Moreover,  within  the  latter  pair,  although  the 
data  are  a  bit  sparse,  it  would  appear  that  1,1-DNP  is  more  sensitive 
than  1,2-DNP. 

The  effect  of  pressure  changes  on  the  reaction  times  is  apparent 
from  Table  V,  and  displays  another  aspect  of  the  a-hydrogen  effect. 

Thus  for  2,2-DNP  an  increase  in  the  pressure  increases  the  time  to 
explosion,  while  for  1,2-DNP  and  1,1-DNP  a  pressure  increase  decreases 
the  time  to  explosion. 

A  puzzling  feature  of  the  results  at  10  kbar  with  1,1,1-FDNP  is 
the  very  sharp  increase  in  explosion  time  (from  7  sec  to  >300  sec)  for 
a  small  decrease  in  temperature  (Figure  24).  This  result  is  very  similar 
to  the  behavior  of  nitromethane  at  1  kbar  discussed  in  the  last  report.11 
During  the  current  period  we  have  given  considerable  thought  to  this 
problem. 

There  is  the  question  of  how  to  derive  Arrhenius  parameters  for 
the  global  heat-releasing  chemical  reactions  from  the  observed  data  — 
thermal  explosion  times  as  a  function  of  temperature.  Following  Zinn 
and  Mndet ' s  t reatoent , 11  it  is  clear  that  one  can  not  simply  use  the 
slope  of  the  (exploslon-time/rcciprocal-temperature)  plot  to  obtain  the 
activation  energy.  The  method  of  deriving  Arrhenius  parameters  is  more 
complex  than  that,  although  there  is  a  rough  correlation  in  that  i':o 
steeper  the  explosion-timc/reclprocal-tempcraturc  graph,  the  higher  the 
apparent  activation  energy.  The  details  of  the  calculations  are  given 
in  a  paper  accepted  for  presentation  at  the  Western  states  Spring  Meeting 
of  the  Combustion  Institute  to  be  held  in  Seattle,  21-25  April  1972. 
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The  results  of  such  a  computation  for  nitromethane  yield  an  activation 
energy  of  127  kcal/mole  and  the  Arrhenius  A-factor  of  104°  sec-1. 

The  problem  then  is  with  the  "high" Arrhenius  parameters.  The  term 
"high”  is  used  because  the  activation  energy  of  127  kcal/mole  is  so 
much  greater  than  the  strength  of  the  weakest  bond,  D(CH3-N02)  =  60  kcal/ 
mole.  Usually  activation  energies  are  equal  to,  or  less  than,  the 
strength  of  the  weakest  bond.  A  chain  mechanism  or  catalyzed  decomposition 
will  tend  to  reduce  an  activation  energy  below  the  bond  strength. 

Similarly,  the  A-factor  is  over  twenty  orders  of  magnitude  higher  than  for 
for  a  simple  unimolecular  or  chain  reaction. 

"High"  activation  energies  have  been  observed  before.  Maksimov14 
and  Rogers15  attributed  "high"  activation  energies  for  decomposition  of 
explosives  to  melting.  The  theory  is  that  organic  solids  decompose 
faster  in  a  molten  state  than  as  solids.  So  Just  below  the  melting 
point,  the  explosive  is  solid  and  stable.  The  temperature  is  raised  a 
few  degrees  to  the  melting  point,  the  explosive  melts,  and  begins  to 
decompose  rapidly.  This  big  difference  in  rate  over  a  few  degrees 
corresponds  to  a  high  activation  energy.  Unfortunately,  the  "high" 
activation  energy  for  nitromethane  is  obtained  at  1  kbor  where  the  range 
is  340  to  SSO^C,  and  not  at  10  kbar  where  the  temperature  is  lower, 
namely,  227  to  310°c.  This  is,  the  nitromethane  is  much  more  likely 
to  be  solid  at  10  kbar  than  1  kbar,  since  Rubinovitch  and  Gorbushcnkov 1,1 
have  shown  thot  the  critical  temperature  of  nitromethane  is  313°C. 

C.  VlfP  of  Hi t roa Ikancs  (with  Leonard  Plszkiewlcr) 

We  previously  ...ported  the  kinetic  parameters  for  VUPP  of  several 
dinl t roalkanes . a  We  have  now  completed  a  study  of  the  products  of  de¬ 
composition  In  VUPP  for  these  same  compounds.  Together,  these  data 
serve  as  a  point  of  reference  for  future  considers  lions  of  mechanisms 
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Table  VI 


VU> P  PRODUCTS  FROM  DINITR0PR0PANES8 


Compound 

b 

Products 

Relative  Yield 
(%)c  (±5%) 

2,2-DNP 

Acetone 

55 

2-Nit ropropene 

45 

1,1-DNP 

Propionaldeiiyde 

20 

trans-l-Nit ropropene 

5 

Unknown1* 

50 

Other  minor  products 

5 

1 , 1 ,1-FONP 

Propionyl  fluoride 

,  c 

sole  product 

1,2-ONP 

t runs -1-Ni t ropropene 

75 

2-Sit ropropene 

25 

Flow  through  reactor  1015  -10,s  molecules/scc . 
b 

The  product  dial  ri but  ions  were  reasonably  constant  over  the 
range  of  decomposition  studied, 
c 

The  mass  balances  for  1,1-RJiP,  2,2-WtP,  and  1 ,.2*DSP  were 
estimated  to  be  901.  (see  note  c.) 
d 

The  unknown  was  unstable;  its  behavior  and  vpc  retention  time 
suggest  it  to  be  ni t rocthylcnc . 
e 

The  mass  balance  in  this  case  was  about  101.  The  poor  result 
is  due  to  the  htgh  volatility  of  propionyl  fluoride,  which 
results  In  a  low  trapping  efficiency  in  these  experiments. 
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of  decomposition  in  the  SHP  region  and  complete  our  VLPP  study  of  nitro- 
alkanes.  Results  will  be  submitted  for  publication  in  the  Journal  of 
the  American  Chemical  Society, 

The  kinetic  parameters  for  unimolecular  decomposition  of  the  four 
dinitroalkanes  examined  in  our  earlier  work6  are  consistent  with  two 
kinds  of  mechanisms:  a  cyclic  5-center  elimination  of  HONO  from  1,2-DNP 
and  C-N  scission  in  the  case  of  1,1-DNP,  2,2-DNP,  and  1,1,1-FDNP  where 
geminate  substitution  weakens  the  C-N  bond. 

Products  from  VLPP,  shown  in  Table  VI,  support  these  conclusions. 

TWo  processes  are  significant.  First,  for  1,2-DNP,  the  isolation 
of  the  two  nitroolefins  indicates  that,  in  agreement  with  the  kinetic 
results,  the  compounds  behaves  like  a  simple  mononitroalkane  and 
eliminates  HONO  in  a  cyclic  process. 


CHjCH-CJI, 

NO,NO, 


'c  — 
at." ' 

J  it 


at-' 

i 

SO, 


-  ai,at=atN0,*H0N0 


The  gem-dlnltrocompounds ,  on  the  other  hand,  yield,  in  addition 
to  olefins,  carbonyl  compounds.  This  result  suggests  that  c-S  scission 
is  the  dominant  mode  of  decomposition  for  tncse  compounds  in  accord  with 
the  results  by  Nasln  et  al.” 

The  carbonyl  products  can  be  explained  by  a  mechanism  Including 
Initial  C-N  scission  followed  by  Intramolecular  migration  of  oxygen 
from  N  to  c.  tn  the  case  of  1,1,1-FDNP,  this  r«mtc  apparently  Is  the 
only  one  followed.  For  2,2-  and  1,1-DNP,  however,  the  formation  of 


nitroolefin  indicates  that  p-scission  is  occuring.  For  1,1-DNP 


,N0* 

CH,CH-CH  -  CH ,CH„CH 

3  2,  3  - , 

no2  no2 

.  ~0  ? 

CH3CH2CH  -  CH3CH20!  -  NO  +  CH3CH2CH0 


0-H  scission 

0-C  scission 


The  migration  of  0  is  reminiscent  of  F  migration  in  the  case  of 
the  dif iuoroaminoolkane  2,2-DP.8  However,  while  the  rearrangement  is 
about  40  kca 1/mole  exothermic  in  the  fluorine  case,  it  is  roughly  thermo¬ 
neutral  in  the  oxygen  case. 

For  1,1-DNP  it  was  shown  that  the  product  distribution  was  essentially 
unchanged  for  the  three  reactor  exit  apertures,  or  u  change  In  wall 
collisions  by  n  factor  of  over  100.  Thus  the  reactions  wc  are  seeing 
arc  very  likely  true  unlmolecular  reactions  in  the  gns  phase. 


D.  Future  Work 

Despite  the  unusually  high  kinetic  parameters,  the  results  of  the 
SHP  experiments  are  Interesting  in  terms  of  the  chemistry  they  suggest 
must  be  proceeding.  The  clear  demonstration  of  an  ct-hyd regen  effect  is 
in  accord  with  an  Initiation  model  in  which  either  the  aci-forms  of  the 
compounds  are  important  to  the  detonation  process,  or,  at  the  very  least, 
the  transfer  of  the  or-hydrogen  is  a  significant  step. 

A  knowledge  of  the  products  formed  in  the  initiation  period  is 
Important  as  it  would  provide  some  insight  into  the  critical  molecular 
processes  during  this  period.  Although  the  present  experimental  set-up 
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is  ideal  for  reaction  time  studies,  attempts  at  product  isolation  have 
been  unsuccessful  for  a  number  of  reasons,  not  the  least  of  which  is 
the  small  sample  volume  of  about  10  pi.  We  plan  to  extend  the  current 
SHP  work  by  carrying  out  thermal  experiments  at  pressures  in  the  1-10 
kbar  range,  on  samples  on  the  order  of  100  to  500  pi.  Tbe  runs  will  be 
made  at  generally  lower  temperatures  than  those  used  in  the  current  work, 
so  that  detonation  will  net  occur  and  so  that  the  intermediate  products 
formed  during  this  initiation  period  can  be  isolated  and  identified. 

The  planned  work  will  use  a  new  high  pressure  apparatus  currently 
being  assembled , and  the  details  of  the  operation  will  be  presented  in 
the  next  report.  Briefly,  however,  samples  of  the  nitro  compounds  will 
be  put  into  polyethylene  or  FEP  "spaghetti"  tubing  and  the  ends  heat 
sealed.  The  pressure  chamber,  filled  with  hydraulic  fluid,  will  be  large 
enough  to  accommodate  one  or  more  sample  tubes.  The  sealed  assembly 
will  be  pressurized  and  then  heated  externally  for  some  suitable  period. 
Then  the  sample  tubes  will  be  withdrawn  and  opened  in  a  vacuum  system 
suitably  coupled  to  a  gas  chromatograph.  In  this  way  all  the  products, 
Including  any  gases,  will  be  isolated  and  identified. 
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